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a b s t r a c t
Dioecious tropical tree species oftenhave small flowers and fleshy fruits indicative of small-
insect pollination and vertebrate seed dispersal. We hypothesize that seed mediated gene
flow should be exceed pollen-mediated gene flow in such species, leading to weak pat-
terns of fine scale spatial genetic structure (SGS). In the present study, we characterize
novel microsatellite DNA markers and test for SGS in sapling (N = 100) and adult trees
(N = 99) of the dioecious canopy tree Pouteria reticulata (Sapotaceae) in a 50 ha forest
dynamics plot on Barro Colorado Island (BCI), Panama. The five genetic markers contained
between five and 15 alleles per locus, totaling 51 alleles in the sample population. Signifi-
cant SGS at local spatial scales (<100m)wasdetected in the sapling (dbh ≈ 1 cm) and adult
(dbh ≥ 20 cm) size classes, but was stronger in the former (sapling Sp = 0.010 ± 0.004,
adult Sp = 0.006±0.002), suggesting demographic thinning. The degree of SGSwas lower
than the value expected for non-vertebrate dispersed tropical trees (Sp = 0.029), but sim-
ilar to the average value for vertebrate dispersed tropical trees (Sp = 0.009) affirming the
dispersal potential of vertebrate dispersed tropical trees in faunally intact forests.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Tropical rain forest trees share features of adaptation and ecology that differentiate them from their more extensively
studied temperate zone counterparts, including high species richness and consequently low population densities (Hubbell
and Foster, 1983), intense pest pressures (Leigh et al., 2004; Janzen, 1970), and pronounced reliance on animals for pollen
and seed dispersal (Bawa, 1990). The mating systems of tropical forest trees, once hypothesized to be largely self-fertilizing
because of their low population densities (Fedorov, 1966; Baker, 1959) are in fact predominantly outcrossing (Bawa et al.,
1985), and the incidence of dioecy (separate male and female plants) is much higher than for flowering plants more broadly
(Bawa and Opler, 1975; Vamosi et al., 2003). These ecological and evolutionary factors influence the dynamics of gene flow
and genetic structure in tropical trees (Dick et al., 2008).
Genetic techniques allow researchers to circumvent some of the difficulties associatedwith direct measurements of seed
and pollen dispersal (Sork and Smouse, 2006). For example, microsatellite DNA markers are increasingly used to directly
measure pollen dispersal distances through parentage analyses; and fine scale spatial genetic structure (SGS, non-random
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genotypic distribution in space) can provide indirect estimates of gene flow (reviewed for tropical trees in Dick et al., 2008).
SGS summary statistics can be used to compare gene dispersal within and among species or life forms (Vekemans andHardy,
2004; Hardy et al., 2006; Dick et al., 2008). For example, Dick et al. (2008) showed that for tropical trees, species dispersed by
birds, bats, ormonkeys exhibit significantlyweaker SGS than species dispersed bywind, gravity, or scatter-hoarding rodents.
Demographic processes, in addition to gene dispersal distances, can impact the degree of SGS (e.g. Jones and Hubbell, 2006).
Commonly, randomdemographic thinning contributes to a decrease in SGS from younger to older life stages (Ng et al., 2004;
Hardesty et al., 2005; Chung et al., 2003; Hamrick et al., 1993). Thus, depending on a variety of natural history traits and
external factors, the degree of SGS across age cohorts can assume many permutations.
Our research focuses on genetic structure in dioecious tropical tree species. Dioecy has been shown to occur in about
one quarter of lowland rain forest tree species (e.g. Bawa, 1974; Bullock, 1985; Chen and Li, 2008; Ibarra-manriquez and
Oyama, 1992). Dioecy is correlated with a suite of phenotypic traits in angiosperms (Vamosi et al., 2003). In tropical trees, it
is correlated with small, insect-pollinated flowers and fleshy vertebrate-dispersed fruits (Bawa, 1974; Renner and Ricklefs,
1995). Because of the differences inmovement between vertebrate seed dispersers (especially large birds and primates) and
small insects, seed dispersal may play an inordinate role in gene flow in dioecious tree species. This has implications for con-
servation and forest management, particularly in ‘‘empty forests’’ where important dispersal agents are intensively hunted
(Terborgh et al., 2008). A relatively high ratio of seed to pollen dispersal distances would also indicate a key difference be-
tween tropical and either boreal and temperate zone trees, in which pollination (often mediated by wind) is considered the
most important vector of gene flow (Petit et al., 2005).
In a genetic parentage study seedlings of the dioecious tree Simarouba amara (Simaroubaceae) on Barro Colorado Island
(BCI), Panama, Hardesty et al. (2006) reported mean seed dispersal distances of 392 m, compared to pollen dispersal dis-
tances of 345 m. In a separate study by the same authors, weak SGS was detected in the sapling size class, with decreasing
intensity into the adult size class (Hardesty et al., 2005). These data suggested a strong role of vertebrate-mediated seed
dispersal in the gene flow and genetic structure of this species. However, more detailed case studies are needed to justify
broader conclusions.
In the present study, we developed a novel set of microsatellite DNA markers and used them to examine SGS in an
intensively sampled population of the dioecious tree species Pouteria reticulata (Sapotaceae) in a Panamanian moist forest.
The species’ relatively low adult density in the study site (2.98 ha−1) and dioecy, which effectively halves the number
of potential mothers and fathers respectively, decreases the probability of nearest neighbor mating, thereby potentially
homogenizing fine scale genetic diversity and reducing SGS. The two primary objectives of this study were to (1) determine
if SGS can be detected in BCI populations of P. reticulata, and/or (2) determine if there is a discernible difference in SGS
between sapling and adult life stages indicative of demographic thinning processes. Finally, we compare SGS of P. reticulata
to SGS found in other abiotically and vertebrate-dispersed tropical tree species.
2. Methods
2.1. Study species
P. reticulata is a widespread canopy tree in tropical moist forests, extending from Mexico into the Amazon basin (Croat,
1978). It is very common in upper Central America, and it is the most common tree species in the regenerated forests in
Tikal and other Mayan sites (Lentz et al., 2002). P. reticulata is moderately common at Barro Colorado Island (BCI) Panama.
In the 50 ha Forest Dynamics Plot (FDP) on BCI, adult trees (>20 cm diameter at breast height (dbh)) occur at a density of
2.7 ha−1, ranking 33rd out of 320 in abundance among the censused species (Condit, 1998). P. reticulata is also abundant in
other size classes (Table 1). P. reticulata individuals are thought to attain reproductive maturity at ca. 20 cm dbh, and they
exhibit maximum sizes of 50 cm dbh and 25m height on the island (Croat, 1978). The species is characterized by thin, flaky,
brown outer bark and pungent white sap common to the family; the leaves are simple, alternate, entire, oblong-elliptic, and
acuminate with reticulate venation (Pennington, 1990). Ramiflorous inflorescences bear small insect-pollinated flowers in
the early rainy season. The 2.5–2.8 cm drupesmature in August through September, and are dispersed by birds and arboreal
mammals, such as primates, both of which are abundant on BCI (Pennington, 1990; Croat, 1978;Muller-Landau et al., 2008).
The breeding system may vary across the species’ range (thought to be monoecious in Mexico; Rodolfo Dirzo, personal
communication). Using BCI 50 ha plot census data from 1983 to 2010 (Condit, 1998), we calculated the mean rate of growth
across 5 cm intervals from 1 cm to 20 cm dbh in order to calculate the expected time from 1 cm dbh to adulthood. The
expected time for a sapling of 1 cm dbh to grow to adulthood was estimated as 124 yrs.
2.2. Study site
The study was performed on the permanent 50 ha forest dynamics plot (FDP; Condit, 1998) on the central plateau of
Barro Colorado Island (BCI) (9 °10′N, 79 °51′W). BCI, a 1600 ha inland island, is located within Barro Colorado National
Monument in the Republic of Panama. The island was formed in the early 1900s following flooding required to construct
the Panama Canal. BCI is entirely covered by humid tropical forest and receives an average of 2612 mm annual rainfall
(Windsor, 1990). With 90% of precipitation falling from May through November, BCI experiences a pronounced dry season
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Table 1
Density of P. reticulata for all measured size classes.
Size range Total Density (ha−1)
Seedling <1 cm dbh,>20 cm tall 1616 (2 ha) 808
Saplings 1–2 cm dbh 440 8.8
Juveniles 2–10 cm dhb 547 10.9
Subadults 10–20 cm dbh 217 4.3
Adults >20 cm dbh 136 2.7
Locations of sampled individuals 
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Fig. 1. Positions of all 99 genotyped adults (larger circles) and 100 saplings. Elevations indicated in meters.
from December through April. In the FDP, which was established in 1982, all stems≥1 cm dbh have been precisely mapped
and monitored for growth and mortality at ca. 5-year intervals. The FDP is located in mature forest with no record of major
anthropogenic disturbance over the past century. BCI is intensively guarded against poaching, so the island contains a high
density of vertebrate seed dispersing animals, including large birds, monkeys, and agoutis. Observations of white faced
capuchin monkey (Cebus capucinus, a common frugivorous primate) showed home ranges of up to 150 ha and average daily
movement of 1–3 km resulting in potential for frequent long-distance dispersal (Wehncke et al., 2003). Chestnut-mandibled
toucans (Ramphastos swainsonii) and guans (Penelope purpurascens), common frugivorous birds on Barro Colorado Island, are
also known to contribute to frequent long distance dispersal (Howe and Miriti, 2004).
2.3. Sample collection and DNA extraction
Two size classes were selected for sampling: adult (≥20 cm dbh; N = 99, total = 136), and sapling (∼1 cm dbh; N =
100, total (1–2 cm dbh) = 440). Smaller size classes were not included because plot data did not include any stems below
1 cm dbh. Thus, sampling smaller individuals would be at best arbitrary, and results would not be comparable to those of the
sapling and adult size classes. The 20 cm lower cutoffwas intended to sample only reproductive individualswith presumably
a large variance in age structure, while the sapling category was limited to the smallest size category (consequently less
variance in age structure) included in the FDP census. To ensure a truly random sampling, the tagged trees were assigned
random numbers. The random numbers were sorted by decreasing value, and the smallest 100 numbers (tagged trees)
were selected for each category. The randomly selected, mapped individuals are shown in Fig. 1. Any individuals found to be
deceased, or that we suspected would be critically damaged by leaf removal, were replaced with the next individual on the
list. Samples were collected for genetic analyses during July of 2010. Leaf tissue samples were collected either manually, or
with a slingshot, and temporarily stored on ice in the field. Sampleswere frozenwith liquid nitrogen and stored at−40 ° C in
BCI laboratories, then shipped back to the University of Michigan on dry ice. DNAwas isolated using the DNeasy kit (Qiagen,
Valencia, California), and/or the CTAB extraction method (Doyle and Doyle, 1987).
2.4. Microsatellite marker development
Microsatellite markers had not been developed prior to this study. Genomic DNA was obtained from two individuals
(Tag numbers 77811 and 83517) in the FDP. Candidate microsatellites were taken from a genomic library twice enriched
for sequences containing repeats of AG-, TG-, AAC-, AAG-, AAT-, ACT-, and ATC-following methods detailed in Glenn and
Schable (2005). Enriched polymerase chain reaction (PCR) product was ligated into a plasmid vector using the TOPO TA
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cloning kit (Invitrogen Corporation, Carlsbad, USA). Plasmid inserts were sequenced and checked for microsatellite repeats.
OligoCalc (Kibbe, 2007) was used to design primers surrounding the repeat sites.
The PCR mixture (10 µl total) for microsatellite locus amplification contained the following concentrations of reagents:
20 µM dNTPs, 2 mM MgCl2, 7.5 µg/ml BSA, 0.2 µM forward and reverse primers, four nM dye-labeled primer, and
0.15 ng/µl DNA template. 0.1 µl of Taq polymerase (Qiagen Corporation) was used per mixture. All PCRs were performed
using an Eppendorf Mastercycler EP gradient S. Samples were prepared with GeneScan 500-ROX size standard (Applied
Biosystems), and the University of Michigan sequencing core facility performed fragment electrophoresis with an ABI
3730XL sequencer. Genotypes were scored using GeneMapper v4.0 (Applied Biosystems). Allelic frequencies, expected and
observed heterozygosity, estimations of null allele frequencies, and parental exclusion probabilitieswere calculated for both
the adult and sapling size classes using Cervus v3.0 (Kalinowski et al., 2007). Allelic richness was compared using a student’s
t-test. Exact tests for Hardy–Weinberg equilibrium, and tests for linkage disequilibrium were performed in GENEPOP v1.2
(Raymond and Rousset, 1995). Genetic differentiation, Fst, was calculated between the two size classes using 999 random
permutations to calculate statistical significance in GenAlEx v.6.41 (Peakall and Smouse, 2006).
2.5. Spatial statistics
To test for spatial randomness, we used Ripley’s K function (Ripley, 1976). We constructed a null distribution using the
Monte Carlo method, and 999 randomly generated sets of spatial points. Deviation from complete spatial randomness was
established by comparing the envelope surrounding the null distribution of K to the observed distribution.
Spatial genetic structure was examined using two methods: the Sp statistic, and spatial autocorrelation. To generate
statistics for spatial autocorrelation, we used the Loiselle et al. (1995) kinship coefficient implemented in the software
SPAGeDi 1.3 (Hardy andVekemans, 2002). The Loiselle kinship coefficientmeasures the relatedness between two individuals
compared to average relatedness of all pairs within a population. Sufficient statistical robustness was achieved by averaging
pairwise kinship within the 50 m distance class, so distance classes were pooled at increments of 50 m and plotted to
create spatial autocorrelograms for the sapling and adult size classes. Randomly generated distributions of genotypes (9999
permutations) were used to statistically test deviation from the null hypothesis of no spatial genetic structure.
To compare results in this study to results in other studies, we employed the Sp statistic (Vekemans and Hardy, 2004).
The Sp statistic relies on the regression slope of relatedness over the natural log of distance, b, and the average relatedness
of neighbors, measured by the kinship coefficient, Fij. The Sp statistic itself is calculated as −b/(1 − FN). For our purposes,
FN was approximated by F(1), the average kinship coefficient of individuals in the first distance class (50 m). Calculation of
F(1) and b was performed in SPAGeDi 1.3 (Hardy and Vekemans, 2002). The standard error of the Sp statistic was obtained
by jackknifing across loci. The statistical significance was obtained by randomly permuting the positions of all individuals
9999 times. Calculation of the Sp statistic was done for the sapling and adult size classes.
3. Results
3.1. Microsatellite markers
Of 12 candidate primer sets, five produced reliable and easily scored genotypes with sufficient repeat number to indicate
probable high levels of variation. The following five microsatellite loci (and accompanying fluorescent labels) were used
for genetic analyses: B88 (6FAM), C68 (6FAM), D28 (TAMRA), D58 (HEX), F29 (TAMRA) using the following thermal cycles:
4 min denaturation step at 94 ° C, then 40 cycles of 30 s at 94 ° C, 45 s at 57 ° C (51 ° C for B88), and 45 s at 72 ° C, ending with
7 min at 72 ° C. The primer sequences, Genbank accession numbers, and diversity measures for each locus are provided in
Table 2. Based on their deviation from HWE, two markers, B88 and F29, supported high null allele frequencies (0.21, and
0.20 respectively) in the adult size class. Additionally, B88 and F29 showed linkage disequilibrium. When all markers were
included in the analysis, the parental exclusion probability with neither parent known was 0.90. The parental exclusion
probability given one parent known was 0.98.
3.2. Microsatellite statistics
The adult and sapling size classes supported an average of 8.0 and 9.4 alleles per locus, respectively, though they did not
differ significantly (p > 0.05). Mean expected and observed heterozygosity was 0.71 (He) and 0.56 (Ho) in the adult size
class, and 0.69 (He) and 0.63 (Ho) in the sapling size class (Fig. 3). Both size classes exhibited global heterozygote deficiencies
(HWE exact test p < 0.001), but the adult size class to a greater degree; the ratio of observed/expected heterozygosity was
0.80 for adults and 0.91 for saplings. Heterozygote deficiency was driven primarily by F29 (p < 0.001) and B88 (p < 0.005)
respectively, which deviated from HWE in both size classes. C68 also deviated from HWE in the adult size class (p < 0.05),
but not the sapling size class. High null allele frequencies were estimated for F29 (0.21 adult and 0.19 sapling) and B88 (0.20
adult). Moderate null allele frequencies of 0.059 were hypothesized for C68 in the adult size class, and 0.052 and 0.074 for
B88 and C68 respectively in the sapling size class. Significant linkage disequilibrium was demonstrated between B88 and
F29 in the adult and sapling size classes (p < 0.0001). However, results did not qualitatively change when either B88 or F29
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Table 2
Forward and reverse primer sequences used, repeat motifs, size ranges of microsatellite sequences, number of alleles, observed and expected
heterozygosity, and Genbank accession number.
ID Primer Repeat motif Size range (bp) Na Ho He Accession no.
B88 F: 6FAM-TCGGAGACAAAAGATGAAGGA (GA)16 162–194 15 0.65 0.84 KF826906
R:CATCAACTTCGCAGCCAAT
C68 F: 6FAM-ATTTCGCTAGAACTTCTCATGATGG (GA)11 148–220 9 0.58 0.68 KF826910
R: CATCGATGTGTGGATGGAAC
D28 F: 6FAM-AGTACACGTCCCCAACTCCA (CTT)9 211–232 8 0.52 0.52 KF826908
R: TCGTTGCAGAGACCAGGTAA
D58 F: HEX-TTTGTTCCCAATAGGAATACATC (GA)17 137–155 5 0.64 0.62 KF826909
R: TCTGTTCTCGCTTTACTTGCTTC
F29 F: TAMRA-AAAAAGATTGCGCCATTTAGA (CT)12 210–240 14 0.57 0.87 KF826907
R: TCGGAGACAAAAGATGAAGGA
Fig. 2. Envelopes surrounding null distributions of Ripley’s K are shaded in gray. The observed distribution is shown as a solid black line.
Fig. 3. Spatial autocorrelograms constructed adult, and sapling size classes. Each point represents the average of all comparisons ending at that 50 m
distance class. The final distance class contains all comparisons between individuals greater than 850 m apart.
were removed from the analyses. A significant Fst value of 0.034 (AMOVA p ≤ 0.001) was detected between the two size
classes.
3.3. Spatial analyses
The K statistic calculated for the adult population largely stayed within the envelope surrounding the null distribution,
suggesting near spatial randomness in the adult population. However, the K statistic for the sapling population existed
entirely outside of the envelope surrounding the null distribution, indicating significant deviation from the test statistic
(Fig. 2).
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Table 3
Summary of spatial genetic structure indicated by Sp statistic, including standard error, p
value, logarithm of slope (b), and the average relatedness of individuals in the first distance
class (F(1)).
Sp± SE p b F(1)
Adults 0.0006± 0.002 0.0375 −0.006 0.034
Saplings 0.010± 0.004 0.0013 −0.010 0.020
SGS was detected in both the adult and sapling size classes via spatial autocorrelation (Fig. 3). Specifically, average
relatedness was greater than that expected for a random distribution of genotypes at the 0–50 m distance class in the
adult size class, and at the 50–100 m distance class in the sapling size class (p < 0.05). Relatedness was significantly less
than random expectation within the 400–450 m distance class for the adult size class and the 450–500 m, 550–600 m,
and 600–650 m distance classes in the sapling size class (p < 0.05). Use of the Sp statistic as a measure of SGS intensity
showed significant SGS in the adult (Sp= 0.006± 0.002, p < 0.05) and sapling (Sp= 0.010± 0.004, p < 0.005) size classes
(Table 3).
4. Discussion
4.1. Interpretation of spatial genetic structure
Despite ecological traits favoring outcrossing and dispersal that should serve to weaken SGS, such as low adult density,
dioecy, and vertebrate-dispersed fruits, significant though weak spatial genetic structure was detected in both the sapling
and adult size classes. The P . reticulata population on BCI thus exhibits the genetic signature of local isolation by distance, in
which spatial proximity predicts genetic relatedness (Vekemans andHardy, 2004). Themost commonly invoked explanation
for this result remains dispersal limitation and establishment of seedlings near parent trees (Hardesty et al., 2005; Hamrick
et al., 1993; Zhou and Chen, 2010). Significant genetic differentiation indicated by the Fst value comparing the sapling and
adult populations indicates genetic drift via skewed reproductive success or migration from outside the study plot.
A decrease in SGS from sapling to adult stages is often taken to mean that non-random demographic thinning (i.e. due to
negative density dependence) has occurred as the population aged (Zhou and Chen, 2010; Chung et al., 2003; Hamrick
et al., 1993; Kittelson and Maron, 2001). This non-random demographic thinning is indicated by significant deviation
from complete spatial randomness in the sapling population, and limited deviation from spatial randomness in the adult
population. SGS does decrease from the sapling to adult size classes (Sp = 0.01 ± 0.004, p < 0.001 to 0.006 ± 0.002,
p < 0.05), thus, demographic thinning may be impacting SGS in this case. In comparison with other studies, the Sp values
for the adult and sapling size classes proved substantially lower than the value expected for tropical trees dispersed bywind,
gravity, and scatter-hoarding rodents (Sp= 0.029), but very similar to the average value for tropical trees dispersed by birds,
monkeys, and bats (Sp= 0.009) (Dick et al., 2008). This result supports the prediction of long distance dispersal of vertebrate
dispersed species in faunally intact forests.
The datawere insufficient for estimation of average dispersal distance,σ . This could indicate that the spatial scalewas not
adequate for this estimate, that the data does not suggest isolation by distance, or the information from the genetic markers
is insufficient to achieve convergence (Vekemans and Hardy, 2004). Average genetic dispersal distances, while sometimes
ranging into hundreds of meters (Hardy et al., 2006), should be captured within the scale of a 50 ha plot; thus, the spatial
scale is likely adequate. Also, since isolation by distance is demonstrated both quantitatively via spatial autocorrelation
and qualitatively via Sp statistics, it is likely that the genetic markers are the point of weakness resulting in the failure of
estimation of average genetic dispersal distance.
This study provides baseline information reflecting genetic processes in the faunally intact forests of BCI. In many other
Central American forests in which this species occurs, seed dispersal vectors may be limited due to hunting. In particular,
an absence of large birds, monkeys and agoutis in faunally ‘‘empty’’ forests (Terborgh et al., 2008) should produce seed
clumping under maternal trees, resulting in higher SGS (as measured in the Sp statistic) as well as higher seedling mortality
due to density dependent herbivores and pathogens (Janzen, 1970; Terborgh et al., 2008). The absence of dispersal agents
should ultimately lower the population densities of P. reticulata and other vertebrate dispersed tropical trees in hunted
forests.
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